In this work, a LIDAR 3D Dynamic Measurement System, based on a Two-Dimensional 20
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Introduction 47 48
The geometric characterisation of tree crops is a precision activity which entails accurate 49 measurement and understanding of the geometry and structure of the many elements that 50 make up the trees. One of the most important objectives of this activity is to ensure that the 51 supply of crop inputs such as plant protection products (PPP), water, and fertilizer, etc., is 52 appropriate to the local requirements of the crop or even to the individual requirements of 53 each tree. Such precision results in economic savings, increased production, better quality 54 and a reduction in environmental impact. 55 56
The main difficulty that arises when attempting to provide structural descriptions of trees 57 lies in the complexity of the three-dimensional layout of the elements that comprise the 58 trees. For this reason, parameters are commonly used which are the result of this vegetation 59 structure. One of the most commonly studied parameters is the Leaf Area Index (LAI) 60 (Zheng and Moskal, 2009 ). This is presently defined as half the leaf area per unit of ground 61 surface (Chen and Black, 1992) . The leaf area is an extremely important parameter because 62 it is strongly related to processes such as evapotranspiration, radiation interception, and 63 CO 2 fixation, etc. The leaf area can be calculated by direct measurement which involves a lot of time and 68 expense or it can be indirectly estimated using remote sensors and without any physical 69 contact with the leaves (Zheng and Moskal, 2009; Rosell and Sanz, 2012 One of the most promising technologies for the geometric characterisation of tree crops in 78 the agricultural sphere is based on the use of LIDAR (Light Detection and Ranging) sensors 79 (Dworak et al., 2011) . The use of this type of sensor is based on the measurement of the 80 distance from a laser emitter to an object or surface using a laser beam. Its principal 81 characteristics include, most notably, a fast measuring speed and a high degree of precision.
82
LIDAR systems can generate 3D digitalized images of crops with sufficient precision for 83 most agriculture applications. A vast amount of information can be obtained from these 84 images including height, width, volume, LAI and leaf area density (LAD) (Lee and Ehsani, 85 2009). 86 87
Two-Dimensional Terrestrial Laser-LIDAR Scanners (2D TLS) make two-dimensional 88 sweeps in just one measuring plane. The additional third dimension can be obtained by 89 moving the LIDAR in a perpendicular direction to the scanning plane. Though 2D TLS 90 systems are normally simpler and more affordable than 3D TLS systems they tend to be less 91 accurate and it can be difficult to properly control the movement of the LIDAR when collecting 92 the data. 93 94
Only a few studies have been carried out using TLS systems with tree crops. LIDAR offered a good way to evaluate fruit tree production capacity. The tree volume 114 estimation system performed well when used as a component in the statistical analysis of 115 the effects of irrigation strategy on productivity. Four papers have previously been 116 published in relation to the work that is developed in the present paper. In Sanz et al.
117
(2011a), an in-depth analysis was undertaken of the LIDAR sensor used (SICK-LMS200).
118
The LIDAR-based 3D Dynamic Measurement System was presented and evaluated for the 119 geometric characterisation of tree crops in Sanz et al. (2011b) . A detailed explanation was 120 provided in Rosell et al. (2009a,b) of the registration procedure of the point clouds, as well 121 as the procedure used to obtain the tree row LIDAR-volume (TRLV). The initial 122 relationships between leaf area, TRLV and manual-volume were also given. For reasons 123 unrelated to the research process, the order in which these works were published does not 124 necessarily reflect the order in which the studies were undertaken.
126
This introduction shows that the need to geometrically characterise tree crops can be 127 satisfactorily met using TLS technology. The hypothesis and objectives of the present study 128 will now be outlined. 129 130 131
Hypothesis and objectives 132 133
In this work, a LIDAR-based 3D Dynamic Measurement System was used for the 134 geometric characterisation of tree-row crops. The trees were scanned with the LIDAR 135 system from opposite sides to obtain two three-dimensional point clouds. trunks. The leaf wall is divided into strata in order to study the distribution of the leaves by 192 height. In these tests the LIDAR sensor was placed in three different heights (Table 3) The terrestrial Sick LMS200 LIDAR sensor was chosen for this study. This is a 2D TLS 211 sensor which only scans in one measuring plane. This makes its cost very low compared to 212 a 3D TLS. The latter generally makes more precise sweeps of three-dimensional spaces and 213 with a greater distance range compared with the LMS200.
215
The LMS200 is an eye safe (Class 1), time-of-flight LIDAR sensor that emits at a 216 wavelength of 905 nm (near infrared). Collaborative targets with specific reflectance 217 features are not necessary and no lighting is required other than that provided by the 218 emitted laser beam. The sensor gives the estimations in a polar form, providing a distance 219 and its angle for each measuring point. Within the range from 0 to 8 m, the distance 220 resolution is equal to 1 mm and the standard deviation is ±1.5 cm. The maximum angular 221 range is 0°-180° but smaller ranges can be configured. In the field tests the beam directions 222 of 0° and 180° were both vertical, pointing upwards and downwards, respectively. The 223 angular resolution can be configured by the user with a choice of three possible values: 1°, 224 0.5° and 0.25°. The first two values were used in this test. The angular resolution of 0.25° 225 was not used because the angular range is then limited to a maximum of 100°. Using the 226 maximum angular range (0°-180°) and the selected angular resolution, the following 227 information was obtained with each scan: (i) a total of 181 distance measurements using an 228 angular resolution of 1°. These were obtained from a single complete rotation of the mirror.
229
(ii) a total of 361 distance measurements using an angular resolution of 0.5°. These were 230 obtained from two complete rotations of the mirror. Obtaining measurements with 0.5° 231 angular resolution requires twice the amount of time compared with a 1° angular resolution. 232
The number of measurements per second was the same with both angular resolutions. The LIDAR was used to obtain vertical slices of the tree surface. Each vertical slice was 241 composed of the points of intersection between the laser beam and the vegetation. The 242 scanning process involved the displacement of the measurement system along the left-hand 243 and right-hand sides of the block under study (Fig. 2) . The two scans were subsequently 244 registered into a single point cloud. To ensure the correct registration of the two scans, in 245 all tests, the tractor was displaced in a straight-line path at a constant speed between 1.0 and 246 2.1 km/h. Four reference planes were also used, two on each side, to facilitate the correct 247 registration of the scans (Fig. 3) After registration of the point clouds, the volume occupied by the resultant point cloud 264
(TRLV) was graphically and numerically obtained.
266
The TRLV which the scanned vegetation occupies depends on: (i) the real size of the 267 vegetation, (ii) the shape and size of the scan mesh and (iii) the position/s of the sensor with 268 respect to the vegetation.
270
The mechanism used to obtain the TRLV was based on the intersection of two solids. The 271 first solid was generated from the points obtained from the right-hand side of the scanned 272 block (Fig. 4a) . The end of the solid was located at more than 8 m from the sensor 273
(maximum sensor distance range). This three-dimensional solid is equivalent to the shadow 274 area which the laser emission of the LIDAR generates. The second solid was obtained in 275 the same way as the first, this time using the points obtained from the left-hand side of the 276 scanned block (Fig. 4b) . The intersection of these two solids (Figs. 4c and 5a) gives us the 277 TRLV (Rosell et al., 2009a) . All the sensor generated points were used to obtain this 278 volume, including both those that strike the vegetation as well as those that pass through 279 the gaps. Data about the gaps is vital in order to obtain a better representation of the 280 vegetation. The procedure used in obtaining the TRLV is shown in Fig. 4 . This example is based on the 295 points scanned from both sides of a very short section of vegetation, just 0.05 m long. An 296 isometric view of the solid obtained in Fig. 4c is shown in Fig. 5a , while In the 2004 tests the distance between the sensor and the ground was the distance that 309 allowed the sensor to be at half the height of the tree row (Table 1) . The angular resolution 310 of the sensor was always 1° and the scanned vegetation blocks were always between two 311 trunks (Table 3) . 
326
Once the full canopy scan was done using LIDAR, all the leaves were then removed 327 manually from each section to find the relationship between the LAD and the TRLV (Fig.  328  6) . The planimeter used for this purpose was an Area Measurement System-Conveyor Belt 329
Unit (Delta-T Devices Ltd. With regard to the scan mesh, the density and distribution of the impacts of the LIDAR 363 sensor with the vegetation depends on the number of distances measured per second, the 364 speed of advance of the system with respect to the vegetation, the selected angular 365 resolution, the measured angular range and the distance between the sensor and the 366 measured points. In Table 4 TRLV and LAD of all the defoliated sections except for the 6 sections with an LAD greater 395 than 3.5 dm -1 . 396 397 398 Fig. 7 was generated with the TRLV and LAD results for each of the defoliated sections.
399
The TRLV and LAD of all the sections are shown, except for the 6 sections with the 400 highest LAD. These 6 values (6.2, 7.15, 9.6, 9.8, 11.0 and 37. All divisions except those with LAD > 3.5
TRLV of these sections are very small, lower than 4 dm 3 , and are not representative of the 403 vegetation. Discarding these points, an R 2 of 0.51 was obtained from the logarithmic fit. 404 405
After this initial result, the uppermost section of each of the blocks was discarded. The 406 logarithmic fit which was then obtained, y=−0.39ln(x)+3.40, gave an improved R 2 of 0.65 407 compared to the 0.51 of Fig. 7 . The 6 sections discarded in Fig. 7 were part of the 408 uppermost sections and were therefore also discarded in this case. together decreases the variability. The differential performance of the uppermost and 440 lowermost sections of each block is smoothed out. It should be remembered that the size of 441 the uppermost and lowermost sections was always equal to or less than the size of the 442 central sections (Table 1 , 2). This fact means that the weight of this differential 443 performance in the block as a whole is less. 444 445
The relationship that was found confirms the starting hypothesis (the preferred position of 446 leaves is normally in the outer part of the crown). It therefore makes sense that the LAD 447 can be estimated from the TRLV (Eq.(1)).
449
Knowing that S = LAD×TRLV and stressing the fact that the preferred position of leaves is 450 normally in the outer part of the crown, it also makes sense that S can be estimated from the 451 TRLV (Eq. The blocks used in this study did not take into account the sub-divisions into different 484 strata. Separate analyses were conducted on the effects of the angular resolution and sensor 485 position. It was firstly verified whether there was any significant difference when working 486 with angular resolutions of 1° and 0.5°. 487 488
It can be observed in Fig. 11 that the curves of 1° and 0.5° are practically the same. As 489 explained in Section 2.2, the number of measurements per second was the same with both 490 angular resolutions. The difference between one and the other resolution lies in the 491 distribution of the points in space. In the 0.5º resolution the separation between points of 492 It can be observed from The purpose of Fig. 12 as a whole is to show the effect that different blocks lengths have on 535 the relationship between TRLV and LAD. 536 537
The results when combining Sections 1-4 of each test, thereby generating four 4 m long 538 blocks (BI 1234 , BII 1234 , BIII 1234 , BIV 1234 ), are shown in Fig. 12c . In this case it can be 539 observed that the R 2 for the three heights improves in comparison with Fig. 12b . 540 541
The results for sixteen 1 m long blocks are shown in Fig. 12a . In this case it can be 542 observed that the R 2 is lower for the three heights in comparison to Fig. 12b and Fig. 12c .
543
Using smaller sized blocks means that there is greater variability. Just as happened with the pear tree blocks, the curves of 1° and 0.5° are practically the 572 same in the vine blocks. (Table 5 ). 573 574 575 Table 6  576 Regression line and R 2 of the relationship between TRLV (x) and LAD (y) of vine blocks.
577
The TRLV was obtained from scans with the sensor placed at three different heights (1.2, 578 1.6 and 2.0 m) and with two angular resolutions (1° and 0.5° The main purpose of Table 6 is to show the effect that different blocks lengths have on the 592 relationship between TRLV and LAD. 593 594
In the case of 4 m long blocks it can be observed that the R 2 for the three heights improves 595 in comparison with 2 m long blocks with an R 2 of 0.94 being obtained when the sensor is 596 placed at a height of 1.2 m (Table 6 ). 597 598
In the case of 1 m long blocks it can be observed that the R 2 is lower for the three heights in 599 comparison to 2 m long blocks and 4 m long blocks. Using smaller sized blocks means that 600 there is greater variability. 601 602
Thinking in terms of precision agriculture and future LAD and leaf area estimation studies, 603 it would seem that the appropriate size for blocks in this type of study is a length equal to 604 the distance between trunks (in this particular case 2 m). An improved fit was observed 605 when working with 4 m long blocks and the authors of this paper do not dismiss the 606 possibility of working with this block length. While it is true that the size of the vegetation 607 to be defoliated is doubled, vines are not normally as large as fruit trees and the extra work 608 required for defoliation is relatively little. 609 610 611
Conclusions 612 613
The TRLV of the crops with hedgerow configuration which were studied in this paper,  614 apple trees (M. communis L. 'Red Chief' and 'Golden'), pear trees (P. communis L.
615
'Conference' and 'Blanquilla') and vines (V. vinifera L. 'Cabernet Sauvignon' and 616 'Merlot') , appears in itself to explain the LAD. Competition of the leaves for light and 617 the occupation of volume/space by the leaves seem to follow a similar model in the three 618 crops. At plant level and without taking into account the vertical divisions, a good 619 logarithmic fit is found, y = -0.36 ln(x) + 3.69 with R 2 =0.87 between TRLV (x) in dm 3 and 620 LAD (y) in dm -1 . This result confirms the initial hypothesis that predicted the existence of a 621 non-linear relationship between the TRLV and the LAD. For reasons intrinsically related to 622 the plant and the procedure, in the uppermost section/stratum a different relationship 623 between TRLV and LAD was obtained in comparison to the rest of the plant. However, its 624 influence on the block of vegetation as a whole is small. The lowest stratum (area of the 625 trunk) also has little influence on the block as a whole due to the small amount of 626 vegetation. The LAD can be estimated from the TRLV. If the LAD is multiplied by the 627 TRLV, the leaf area of the vegetation under study can be also estimated. It is therefore 628 concluded that by using the information provided by the LIDAR 3D Dynamic 629 Measurement System, a good estimation can be obtained of the leaf area in hedgerow fruit 630 tree crops and hedgerow vineyards. No differences were observed between using the 631 LIDAR with angular resolutions of 1º or 0.5º when estimating the LAD. The LIDAR height 632 position affects LAD estimation. The lowest of the three tested positions gives the highest 633 R 2 and, therefore, the best correlation between TRLV and LAD. The use, in future tests, of 634 block lengths equal to the distance between trunks would appear to the appropriate method 635 to follow. 636 637 638
